The Reduction of Aileron Operating Force by Differential Linkage by Nerken, Albert I & Jones, Robert T
TECHNICAL NOTES
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
No. 56 
THE REDUCTION OF AILERON OPERATING FORCE 
BY DIFFERENTIAL LINKAGE 
By Robert T. Jones and Albert I. Nerken 
Langley Memorial Aeronautical Laboratory 
P1e	 RItUrII to 
p	
L t. 
TilE LiI' L1 IAii'iil uPAY 
Washington
December 1936
https://ntrs.nasa.gov/search.jsp?R=19930081379 2020-06-17T22:22:41+00:00Z
• 
4L)	 j, 
NATIONAL ADVISORY COMMITTEE FOR AEROIAUT.11A1 
TECHNICAL NOTE NO.
- 
6 
•  
THE REDUCTION OF AILERON OPERATING FORCE 
BY DIFFERENTIAL LINKAGE 
By Robert T. Jones and Albert I. Nerken 	 4 
SUMMARY 
It is shown that the control force of ordinary ailer-
ons may be reduced to zero over a range of deflectins and 
at a given flight condition by the use of an appropriate 
differential movement. Approximations to the ideal motion 
obtainable with a simple linkage are discussed and a chart 
that enables the selection of an appropriate crank arrange-
ment is presented. Various aspects of the practical appli-
cation of the system are discussed and it is concluded 
that a small fixed tab, deflected to trim both ailerons 
upward, would be advantageous. 
INTRODUCTION 
One of the most exacting requirements of a lateral-
control system is the provision of an adequate degree of 
control with a small exenditure of operating effort. It 
appears that a differential linkage can, when properly de-
signed, be a very effective means of reducing the operat-
ing force of ordinary ailerons. Several other advantages 
accrue to the differential and such systems are widely 
used. The possible reduction of control force appears to 
be of primary importance, however, and it is therefore of 
interest to discuss some rules for the design of a linkage 
that will afford the greatest advantage in this respect. 
S 
The reduction of operating force with a differential 
linkage is accomplished by taking advantage of the up-
floating tendency of the ailerons. This floating tendency 
is apparent in measurements of aileron hinge moments, 
which generally show an offset moment (Ch.) at the neu-
tral setting.	 (See fig. 1.) This moment varies with an-
gle of attack and with airfoil profile.
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With a differential linkage the ailerons on opposite 
tips of the wing begin to move at different rates immedi-
ately after they are deflected from neutral, the downgoing 
aileron moving more slowly than the upgoing one. Thus 
with the ailerons deflected the upward pressure on the up-
going aileron, which tends to increase the deflection, has 
a greater mechanical advantage at the control stick than 
does the upward pressure of the downgo.ing aileron. The 
combination of a reduced upward pressure and an increased 
mechanical advantage of the upgoing aileron tends to nulli-
fy the effect of the increased upward pressure and reduced 
mechanical advantage of the downgoing aileron to the ex-
tent that within certain limits the operating force may be 
reduced or even reversed. 
If the ailerons are connected to the control stick 
with nondifferential gearing, the effect of the initial 
hinge moment at the neutral setting is not felt in the 
stick force required to deflect them. In this case the 
mechanical advantage of one aileron with respect to the 
other remains the same, so that the initial offset moment 
(Cho) on one aileron is exactly balanced by that on the 
other. The only force experienced at the stick is that 
due to the difference of the aerodynamic hinge moments of 
the two ailerons brought about by their deflection. 
DEFINITIONS OF SYMBOLS 
chord of wing. 
cao chord of aileron. 
C t,	 chord of tab. 
°h' aileron hinge-moment coefficient. 
aileron hinge-moment coefficient at zero deflection 
(normally negative). 
resultant hinge-moment coefficient acting at control 
stick (negative when moment opposes deflection). 
Oi, rolling-moment coefficient. 
O, yawing-moment cefficient..
	 -
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0L'	 lift coefficient. 
CP J 1 angle of bank 1 second after deflection of aileron 
control. 
6N' angular setting of aileron crank when neutral. 
, angular setting of control-stick crank when neutral. 
Ae, angular movement of control-stick crank.
8u' upward deflection of aileron. 
8d' downward deflection of aileron
Taken as positive 
8 uf., upfloating angle of-aileron	 numbers. 
8 td downward deflection of tab	 J 
CALCULATION OF CONTROL FORCE AND WORK OF DEFLECTION 
A calculation of the effective moment coefficient 
acting at the control stick will show how the characteris-
tics o' the differential linkage affect the operating 
force. The hinge-moment coefficient of an ordinary ailer-
on may be calculated with sufficient accuracy by the for-
mula (neglecting weight of aileron), 
°h	 0h0	 8--	 (1) d8 
This formula applies to a single aileron. The effective 
moment coefficient acting at the control stick or wheel 
due to the up aileron is 
Oh - (6u dOh
	 "s d.6u
	 (2) -	
- C1  
and that due to the down aileron 
=Ch	 ( 0	
d8d 
d8	 h0) a	
(3) 
The rates of change of the up and the down ailer,n 
angles throughout the range of the stick deflection are 
determined by the characteristics of the particular dif-
ferential linkage used. 
4 . 	 N.A.C..A. Technical Note No.. .56 
•	 The various terms of equations (2) and (3) may be so 
collected as to represent two components of the total mo-
ment, one tending to return the control to neutral and 
the other tending to displace the control away from neu-
tral. Thus,
	
°h	 -	 J + —p-- [8u
	
+ 8	 (Li.) 
•	 S	 0 IdG
	
dO	 d.8	 d9	 dO J 
The term containing Ch o represents the reduction of Oh5 
due to the difference of mechanical advantages. 
With regard to the reduction of operating force, it 
is seen that the problem is to secure the proper relation-
ship between the two components of equation ( Li.). A large 
upfloating angle (indicated by large Cho) and a rapidly 
increasing difference between the mechanical advantages of 
the two ailerons make for the displacing tendency, whereas 
a large slope of the hinge-moment curve and a large aver-
age mechanical advantage of both ailerons (large d8/de) 
make for a large restoring force. If the control stick is 
to tend to return to neutral when displaced., 0h	 must be 
at least slightly negative. 
An examination of the hinge-moment curve (fig. 1) 
will show that the balancing effect of the differential 
can be simply described in terms of the work of deflecting 
the ailerons. Work is gained by allowing the aileron to 
rise. The resultant work is found by deducting that ex-
erted on the down side from that gained on the up side. 
The two components are represented by the areas under the 
hinge-moment curve on either side of neutral. The formula 
for the resultant work is 
dOh 8d 2
	
doh 8u2 
	
Cho 8d +
	 -- - 
Oh 0 8 u + -  
If the work of deflection is made zero at every point, the 
stick force (which may be calculated as the slope of the 
curve of work against deflection) will also be zero at ev-
ery point. Hence an idealized differential motion of the 
ailerons that gives complete balance may be calculated by 
means of this expression for the work of deflection. By 
equating the work to zero and rearranging 
	
= 0h 0	 /Oh	
._ _doh[doh 6u
2	 20h0	 (6) 
dOh 
d6
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If Ch	 and dCh/d8 are known, this formula may be used 
to calculate the simultaneous upward and downward posi-
tions of the ailerons for which the work of deflection is 
zero. A differential linkage arranged to give thesesi-
multañeous positions of the ailerons would thus require 
no operating effort. 
A decidedly simpler formula than (6) results if the 
aileron characteristics 0h0 and d Ch/ d8 are expressed 
in terms of the upfloating angle 
Ch	 ----	 8uf	 (7) 0 
(See fig. 1.) The resultant formula is 
= s/ (6u±' +	 - 28u 2	 8uf	 (g) 
The ratio of the rates of travel of the two ailerons is 
simply
	
d8d = (8uf — Su)	 () 
dôu	 (8uf
	
6d) 
(Note that 6 uf' 8u' and 6d are taken as positive num-
bers.) Curves of such idealized differential moticns for 
ailerons having different floating angles are shown in 
figure 2. It is probable that a number of more or less 
complicated mechanical linkages that would give the ailer-
ons motions approximating these curves could be devised. 
The ordinary simple linkage consisting of two properly set 
cranks connected by a rod is of most interest, however, 
and the following discussion is devoted chiefly to the 
problem of approximating the limiting degree of balance 
with such a simple arrangement. 
METHOD OF APPROXIMATING LIMITING DEGREE OF BALANCE 
The preceding discussion led to the determination of 
curves of aileron deflection giving zero stick force de-
rived without reference to the limitations of mechanical 
linkages. Although the discussion was confined to ailer-
ons showing a straight-line hinge-moment variation, the 
procedure of deriving a curve similar to those of 'figure 2
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for the case of a more irregular hinge-moment variation 
will be obvious. Once the limiting curve showing the de-
flections that result in zero operating force is deter-
rained, it becomes necessary to devise a geometrical ar-
rangement of levers that will approximate this motion. 
Although it is not thought desirable completely to 
eliminate the control force at any flight condition, it 
is useful to consider this cdnditionas a limiting ad-
justment of the differential. In a given case the stick 
force can be balanced out at only one angle of attack and, 
since the floating angle becomes smaller, the effective-
ness of the balancing diminishes as the angle of attack is 
reduced. Hence if the stick forceis made to become zero 
at an angle of attack higher than normally encountered in 
flight, overbalance of the control in normal flight will 
be guarded against and, at the same time, the greatest 
permissible reduction of control force will be approached. 
The ideal curves given in figure 2 cannot, of course, 
be exactly reproduced by a simple mechanical linkage. 
Figure 3 illustrates the simplest type of linkage used in 
practice. Movement of the control causes the stick cranks 
to move oppositely through equal angles	 e from their 
neutral positions. The diagram shows the downgoing crank 
in the dead-center position. Figure 4 illustrates the 
computation of the mechanical characteristics of such a 
simple linkage. Here it is assumed that the lengths of 
the various levers areknown. The formula then gives 6 
in-terms of e. 
Such linkages can be adjusted to give aileron move-
ments similar to those shown in figure 2 and can, in fact, 
be made to satisfy as many as four conditions in approach-
ing such a curve, since four independent adjustments of 
the linkage may be made. The reduction of the stick force 
to zero at four points would, however, eliminate all pos-
sible linkages but one and would require a definite spac-
ing of the crank centers and definite radii of the cranks, 
as well as specific neutral settings. 
When trying to approximate the ideal differential mo-
tion by means of a simple mechanical linkage, it is not 
feasible to satisfy all the possible conditins. If only 
two minimizing conditions are imposed on the stick-force 
curve, it may be ascertained that the differential chosen 
is reasonably near the limiting one and, at the same time, 
an arbitrary choice of two of the geometric parameters of
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the linkage may be made. The spacing of the crank centers 
and the relative radii of the two cranks may therefore be 
left to be dictated by other considerations. 
Figure 5 shows a type of stick-force curve that sat-
isfies two very simple criterions. First, the slope of 
the curve is zero at the beginning of the deflection; and, 
second, the force is zero at a deflection of the up aileron 
equal to the floating angle. The last criterion is satis-
fied by arranging for the downgoing aileron to reach dead 
center at this point or, algebraically expressed, 
(6U)d=8dmax	 &uf	
(10) 
In order to show how the first of the two criterions 
may be satisfied, it will be necessary to calculate the 
slope of the stick-force coefficient curve at zero deflec-
tion (0 = 0N)• If there is an infinitesimal displacement 
of the control from neutral, the difference of the. mechan-
ical advantages of the two ailerons will be 
2d0A	 (ii)
d 9 
This difference multiplied by the initial or offset hinge 
moment (Cho 	 will give the infinitesimal displacing mo-
rnent at the start of the deflection. The changes of aero-
dOh	 dCh 
dynamic hinge moment, d8,5 --- and d8 
CL
	
do not con-
tribute to this quantity. The restoring or stabilizing 
tendency for infinitesimal deflection is simply 
)	 S 
2d0 d8 dCh d8
	
(12) 
dO d8 dO 
Here the infinitesimal changes of mechanical advantages 
play 'no part. The starting slope of the curve is then 
	
(
dOh5	
= 2 -_-
	
d.26 1
d 	 10=ON	 [d6 G-	
- Cho ---j
	
(13) 
Since 0h 0	 8uf i---
dCh	 this result may be expressed 
	
( dOh 3 \\	
- 
2 dCh [(d8'28
	
d28
1
dO /
	 --ëi	 . uf	
.	 (	 )
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The condition for zero initial slope is then simply 
-= ôuf 
' d8)_,	 \dc2) 
(Note that 6uf must now be expressed in radian measure.) 
CHARTS FOR SELEOTICN OF LIMITING DIFFERENTIAL 
It will be noted that the only characteristic of the 
ailerons appearing in either of the twocriterions is the 
floating angle 6uf (neglecting the implied assumption 
of a straight-line hinge-moment variation). It thus ap-
pears that the choice of differential as defined y these 
two criterions depends only on the floating angle. With 
the essential aileron characteristics thus limited, it 
was found feasible. to make a series of calculations that 
would show the adjustment of a differential necessary to 
satisfy both criterions for a minimum stick force. 
Figure 6 shows the results of such a series of calcu-
lations. This chart shws directly the angular settings 
of stick and aileron cranks to be used for a given up-
flating angle at several spacings of the crank centers. 
It was assumed that the cranks were of equal radius. The 
maximum down-aileron deflection is shown in each case and 
it is ti '-de noted that, if the maximum deflection 3f the 
upgoing aileron exceeds the floating angle, the down ai-
leron will passbeyo.nd dead center and return tward neu-
tral. Since a differential selected by means of these 
charts will give what amounts to complete lalance at the 
flight condition corresponding to the assumed floating an-
gle, it is essential that this angle be at least as large 
as the maximum encountered in flight, which, as might le 
expected, usually occurs at or beyond maximum lift. 
IMPRVEMENT P BALANCE AT LW ANGLES OF ATTACK 
BY MEANS CF A FIXED TAB 
It is evident that the same degree of balance cannot 
be attained at all flight speeds with any type of differ-
ential, inasmuch as the floating angle varies. At higher 
speeds the de gree of balance ecmes less and the control
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force correspondingly greater. Calculations have shown, 
however, that a considerable advantage usually accrues t 
the differential system even at the highest flight speeds. 
Although the.-p ossibility. of securing cmpleto balance 
at any one flight condition does not depe.nd to a great ex-
tent on the characteristics of the aileron, modification 
of these characteristics can be very effective in improving 
the balance over a range of flight conditions. Thus, an 
aileron that shows only a small variation of floating an-
gle over the flight range will be nearly ideally balanced 
under all conditions. 
Wing-section theory indicates that the floating tend- 
ency of a flap may be characterized by two effects, namely: 
1. A constant floating tendency due to camber.of the 
airfoil and influenced, mainly by the degree of 
camber near the flap trailing edge. This effect 
varies with the flap chord and is measured by the 
floating angle at zero lift of the airfoil. 
2. A floating tendency varying with angle of attack of 
the wing section, . This effect is the same for 
all airfoil shapes but varies with flap chord. 
It is the latter tendency that is significant in causing 
the undesirable increase in stick force as the angle of 
attack is reduced. In general, the variation of floating 
angle with angle of attack can be reduced by reducing the 
chord of the aileron.. This procedure, however, reduces 
the maximum floating angle in proportion so that the 
change in percentage with angle of attack remains about 
the same. Wind-tunnel tests show that a large constant 
floating effect can be oroduced by a relatively small cam-
ber of the trailing edge of the aileron (e.g., by a tab). 
The most nearly ideal arrangement for balance would thus 
incorporate a bent trailing-edge ta6 with an aileron of 
small chord. 
Figure 7 shows the variation of floating angle with 
flap chord and angle of attack. The angles shown were 
computed by finding the moments of the pressure acting on 
rear p ortie,n.s of Clark Y'and N.A.C.A. 23012wing'sections 
(reference 1 and unpublished data). This procedure gave 
the hinge moments at zero deflectihn and the floating an-
gles were computed therefrom by using an em p irical value 
(dCh 
of the slpe of the hinge-moment curve
	 = - 0.0085).
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Figure	 shows results of experiments (reported in 
reference 2) with a 2.5-percent--c
	
tab on a 25-percent--
c	 aileron. Deflecting-the tab 10 0 had the effect of 
nearly doubling the maximum floating angle. The undesira-
ble variation of floating angle with angle of attack, ex-
pressed in terms .of percentage of the maximum, decreased 
accordingly. Figure 9 summarizes the results of some ex-
periments made with tabs in the N.A.C.A. 7- by 10-foot 
wind tunnel.
CALCULATED EXAMPLE 
Some calculations have been made to illustrate the appli-
cation of the principlediscussed. The results are sum-
marized in figure 10, which shows the reduction of operat-
ing force thatcan be attained with a suitable differen-
tial both with and without a fixed tab. The chart has as 
ordinate the resultant moment coefficient acting at the 
control-stick crank divided by the lift coefficient 
-ECh/CL. This quantity is taken as ' a measure of the oper-
ating force. Division by the lift coefficient is made to 
take account of the increase in dynamic pressure corre-
sponding to a reduction in angle of attack of steady 
flight. The abscissa represents a measure of the deflec-
tion of the control and is tue computed angle of bank 
that a small average airplane (1,600 pounds) would attain 
in 1 second after the instantaneous partial deflections 
of the ailerons thus indicated. Such a conversion was 
n ecessary in order to compare equal up-and-down deflec-
tions with various degrees of differential movement of the 
ailerons on an impartial basis. Such deflections are thus 
measured by the banking effect they produce' The compu-
tation of banking effect is given In reference 3 by a simi 
pie formula,
cp1 =
 
acp 
_Cji ) o ,
 + (ri) c
	 (16) 
where	
_-2), etc., are constants for a given airplane at 
Cl 
a given-flight speed. The curves of aileron hinge moment 
given in figure 8 were used and data on the rolling- and 
yawing-moment coefficients were taken from reference j• 
As no limit was set on the' maximum deflection of the con-, 
trol and no gearing ratio of the control stick to the 
stick crank of the differential was assumed, the values 
given are only comparative. The maximum degree of 'control
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usually shown by airplanes of this size corresponds to 
cp = 20 0
 or 25 0 at a lift coefficient of 1.0. 
The top pair of curves of figure 10 was computed for 
equal up-'and-down ailerons without balance of any kind. 
The middle pair of curves shows the degree of balance that 
can be attained by a differential linkage without modifica-
tion of the aileron floating characteristics. The differ- 
ential linkage was selected with the aid of the chart (fig. 
6). A crank spacing of four times the crank radius (R 
was assumed. The floating angles of the aileron 
without the tab are indicated in figure 8. Since the max-
imum floating angle in this condition was only 12 0 , the 
downward deflection of the ailerons was limited to slight-
ly under 50•	 (See fig. 6.) Thus a reversal of the motion 
of the down aileron occurred at this angle. Further de-
flection of the system then gave reduced control effec-
tiveness and resulted in the sharp upward sloping of the 
stick-force curve (CL = 1.0) that is apparent near cp 1 = 
22 0 .	 It appears that, in general, the best results will 
be obtained when the maximum deflection permitted does not 
greatly exceed this reversal point. 
The bottom pair of curves of figure 10 gives an indi-
cation of the remarkable effect of a small fixed tab. The 
tab and deflection assumed (2.5 percent wing chord, down 
10 0 ) would give the trailing edge of a 5-foot-chord wing 
a downward displacement of only 1/4 inch. This modifica-
tion served to increase the maximum floating angle of the 
ailerons from 12° .
 to 20 0 , thereby permitting 
.
the use of a 
differential with a greater maximum downward deflection. 
It will be noted, in addition, that the stick force re-
ouired for control at high speed ( C L = 0.35) is much 
less, and is also more nearly coincident with the force 
required at low speed .
 ( CL = 1.0),) than was the case with 
the unmodified ailerons. The beneficial effect of a fixed 
tab would be expected to be even more apparent in the case 
of narrow-chord ailerons. 
Inasmuch as the floating angles corresponding to 150 
angle of attack (fig. 8) were used in the selection of the 
differentials, the control will begin to show overbalance 
at this angle of attack. The form of the curves of stick 
force against deflection will be similar to those given 
but the curve will lie more nearly along the axis. 
One difficulty that might arise in practice was

brought out in the sample computation given. Here, in the
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case of the aileron without the tab, the maximum u p float-
ing angle was less than the maximum angle of deflection 
that might be required for control. The down aileron will, 
in this case, reverse its motion before the maximum de-
flection of the control stick i.s reached.	 It was observed 
in the comrutation' that the stick-force curve rose sharply 
after this deflection was reached, showing that further 
deflection of the system was inefficient. The differen-
.tial selected on the basis of the given assumptions was 
such as to impose a minimizing 'condition at this deflection. 
It is evident that a slightly different linkage might give 
better results at higher deflections; hence it might. have 
been better to have chosen a different criterion. In such 
a case it would be advisable to make several trial compu-
tations, assuming fictitious floating angles higher than 
the actual angle. The desirability of keeping the maximum 
deflection of the stick cranks low should be especially em-
phasized. Since the maximum angular travel of the control 
stick or wheel is naturally limited, a large deflection of 
the stick crank of the differential means that the pilot 
will have to operate the system at a large mechanical-dis-
advantage. When an deflection such that the down aileron 
reverses its motion is reached, further deflection does 
not cause the control rolling moment to increase very rap-
idly; hence a. relatively larger maximum deflection will be 
needed for the requisite amount of control than would be 
the case If the reversal did. not occur. 
Wind-tunnel experiments show that the floating angles 
of ailerons are considerably influenced, by insignificant 
details of construction. 	 it is difficult, for instance, 
to establish any definite relation between the floating 
angle and the chord of a flap from small-scale wind-tunnel 
observations. The presence of a gap between the aileron 
and wing affects the floating angle and is also known to 
be decidedly detrimental to control. Furthermore, motions 
of the airplane such as rolling or sideslipping affect the 
pressure on the ailerons and thereby change the action of 
the differential to some extent.
	 In view of these consid-
erations, it would seem advisable to incorporate in differ-
ential ailerons either an adjustable tab or a deformable 
trailing edge so that unpredictable defects of the system 
may be remedied during trial. 
Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., November 13, 1936.
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Fig. 1 
+ 
Figure 1.- Plot of aileron . hinge-moment coefficient 
showing work of deflection.
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Figure 5.- Type of curve that satisfies simple criterions 
for minimum stick force.
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Fig. 7 
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Figure 7.- Floating angles of flaps of different chords 
computed from pressure.- distribution measurements. 
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Fig. 8 
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Figure 8.- Hinge-moment coefficients of aileron with tab. 
(reference 2). 
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Figure 9.- Effect of tabs on aileron floating angles at small 
deflections (8t < 15 0 ); 7 by 10 foot wind tunnel experiments. 
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Fig. 10 
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Figure 10.- Example showing reduction of stick force 
accomplished by suita'1e differential. 
The effect of a tab deflected downward to increase the 
floating angle isrUss shown. 
